ABSTRACT: Layered double hydroxides comprise a stacking of positively charged metal hydroxide layers with anions and water molecules included in the interlayer galleries. Among the anions, the carbonate ion is the most ubiquitous in both mineral and laboratory synthesized phases. Taylor (1973) suggested that the carbonate ion (molecular symmetry D 3h ) prefers a trigonal prismatic interlayer site (local symmetry D 3h ), whereby the hydrogen bonding with the metal hydroxide layer is maximized. However, the cation ordered structure models of hexagonal symmetry include interlayer sites which are exclusively trigonal antiprisms (local symmetry D 3d ). In keeping with Taylor's criterion, a hexagonal stacking of metal hydroxide layers does not permit the inclusion of carbonate ions in the interlayer. In this work, a crystal chemical approach is adopted based on the translationgleiche subgroups of hexagonal and cubic summits to arrive at a structure model based on the space group C2/m. In this structure, not only is the 3-fold symmetry of metal coordination retained, but also interlayer sites of ∼D 3h symmetry are generated to host the intercalated carbonate ions. Using this model, the structures of a cohort of carbonate-intercalated layered double hydroxides are refined.
■ INTRODUCTION
Among the layered double hydroxides (LDHs), the carbonateintercalated phases are most ubiquitous owing to the affinity of metal hydroxides to CO 2 in the ambient 1 and dissolved carbonates in water. 2 Consequently the CO 3 2− -intercalated LDHs are most widely studied for their applications as diverse as catalysts, 3 fire extinguishers, 4 antacids, 5 and electrode materials. 6 Structural work is greatly impeded by the fact that the CO 3 
2−
−LDHs crystallize by the incorporation of a large number of stacking faults. Two reasons are provided for the manifestation of faulted structures in the CO 3 
−LDH systems.
(1) Taylor 7 opined that the CO 3 2− ion prefers polytypes which include interlayer sites having the same local symmetry as its own molecular symmetry (D 3h ). This symmetry matching maximizes the hydrogen bonding between the metal hydroxide layer and the intercalated CO 3 2− ion. (2) Bookin and Drits 8 pointed out that a multiplicity of polytypes exist which include trigonal prismatic interlayer sites (local site symmetry, D 3h ), prominent among which are the 3R 1 and 2H 1. The use of thermodynamic criteria outlined by Verma and Krishna 9 suggest that competing polytypes with nearly comparable enthalpy content, invariably produce intergrowth structures and when the intergrowth is random, as favored by entropy considerations, faulted structures arise, wherein, however, the principal symmetry axis, parallel to the stacking direction is conserved. The faulted crystals thereby diffract in accord with the Laue symmetry −3m or 6/mmm and have been indexed to either rhombohedral or hexagonal cells. 10 The structural work described hitherto is based on two assumptions of a very fundamental nature.
(1) The divalent and trivalent cations are distributed statistically within the available sites of the metal hydroxide layer [M 2 2+ M′ 3+ (OH) 6 ] and thereby the crystal structure is described on the basis of a single M (M  2+ , M′   3+ )−OH distance.
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(2) The anions and water molecules in the interlayer are in a disordered, "liquid like" state 12 and do not contribute to Bragg scattering by the LDH crystal. These assumptions, within the ambit of which most powder diffraction results of laboratory-synthesized and crushed mineral LDH samples are discussed, 13 have been constantly challenged by single crystal studies of mineral LDHs. The early work on pyroaurite single crystals 14 clearly showed weak spots due to a cation ordered supercell. Diffraction studies on single crystals of certain sulfate-intercalated minerals LDHs such as shigaite showed that the interlayer anions are also ordered and contribute significantly to the intensity of the supercell reflections. 15 Reasonably well ordered CO 3 2− −LDHs with little or no planar faults have been obtained by homogeneous precipitation by urea hydrolysis. 16 The use of the Rietveld method has resulted in proposals assigning the LDH to the structure of the cation-disordered 3R 1 polytype. 11 The primary reason is that the computed intensities of the supercell reflections 100 and 101 of the cation-ordered supercell are only 0.3−1% relative to the most intense reflection. 17 Reflections of such low intensity are either (i) not observed in a powder pattern, or (ii) entirely obliterated by the incidence of even a small number of planar faults. Consequently there were no compelling observations in the powder X-ray diffraction (PXRD) patterns to invoke a cation-ordered structure model.
In this paper, we reexamine the powder diffraction data of a cohort of CO 3 2− -intercalated LDHs and propose a cationordered structure model of monoclinic symmetry which reconciles the results of contrarian investigations that favor a cation-ordered structure.
■ EXPERIMENTAL SECTION
The LDH samples studied here are more fully described elsewhere. 18, 19 The LDHs with different combinations of divalent and trivalent metals ions (M 2+ = Mg, Ni, Co; M′ 3+ = Al, Ga) were homogeneously precipitated by urea hydrolysis (T = 140°C, 80 mL autoclave, autogenous pressure, 50% filling). The [Cu−Cr−CO 3 ] LDH was prepared by anion exchange starting from a [Cu−Cr−Cl] LDH precursor. 20 The ion exchange was carried out at ambient temperature for 24 h. The product LDHs were washed with warm deionized Type II water (Millipore model ELIX 3 water purification system) and dried at 60°C to constant mass. The LDHs were characterized by PXRD using a Bruker D8 Advance powder diffractometer (Cu Kα source, λ = 1.5418 Å). Data were collected over 5−90°2θ (step size 0.02°2θ; counting time 10 s per step). The IR spectra and TGA data of the samples are given in earlier papers. 18−20 All PXRD patterns were indexed using the PROSZKI 21 suite of programs to a cell of monoclinic symmetry. Lattice parameters were refined to match all the observed reflections using the lattice constant program APPLEMAN built into the PROSZKI suite and the Figure of Rietveld refinement was carried out by using the cell parameters obtained from FOX as input into code GSAS. 23 A TCH pseudo-Voigt line shape function (Profile function 2) with seven variables was used to fit the experimental profile. The refinable profile parameters include asymmetric peak shape, sample displacement, UG, VG, WG and XL, YL for Gaussian and Lorentzian contributions, respectively. The background was corrected using an eight coefficient cosine Fourier series. The structure model was obtained from Krivovichev and coworkers 24 by shifting the origin to the position of the trivalent cation (M′ 3+ ) to facilitate comparison with other published structure models. In the first instance, the hydroxyl ion positions of the metal hydroxide layers (O1 and O2) were refined. In subsequent cycles, the positions of O1 and O2 were fixed, and the position of the intercalated carbonate ion was refined. In this model there are two positions for the carbon atom of the carbonate ions (C1 in 4i and C2 in 8j position), with O atoms occupying different sites 4i, and 8j. Bond length (C−O = 1.25 Å ± 0.1 Å) and bond angle (O−C−O = 120°± 3°) restraints were imposed on the CO 3 2− ion, and the position parameters of each atom were refined individually, followed by their site occupancy factors (SOFs). In the model structure, the oxygen atom (Ow) of the intercalated water molecule occupies a special position (2d). The SOF of Ow was refined in the final cycles keeping the other structural parameters fixed. The resulting structure was visualized at each stage to verify that the evolving structure is chemically reasonable. SYMGROUP, 25 a Linux based program was used to determine the coordination symmetry of the metal ions and that of the interlayer site. The Cartesian coordinates corresponding to the six O atoms coordinated to each metal defines the coordination sphere of the metal ion. The interlayer site is defined by the two closest set of OH groups belonging to adjacent layers, three above and three below. These were input into the program and symmetry elements extant therein were computed. Symmetry assessment was done based on the scores generated for each symmetry element and they vary from 0 to 100. A score zero signifies the presence of corresponding symmetry element. A score higher than zero indicates the extent of deviation from the exact symmetry.
■ RESULTS AND DISCUSSION
A feature common to all brucite-based structures (C 6 type) is the existence of a 3-fold rotation axis at all three levels of structural hierarchy:
(i) at the metal coordination polyhedron (point group D 3d ), (ii) at the metal hydroxide layer (layer group p-3m1 also written as p-32/m1), and (iii) the whole crystal which defines the crystal symmetry (space group P3̅ m1). The two highest symmetry space groups defined by the existence of a principal axis 3-axis are Pm3̅ m and P6/mmm, belonging respectively to the cubic (Scheme 1) and hexagonal symmetries (Scheme 2). Given the anisotropy in bonding among LDHs, a cubic symmetry is not physically tenable, which leads us to R3̅ m, a principal subgroup of Pm3̅ m.
In keeping with these considerations, mineral pyroaurite ([Mg−Fe−CO 3 ] LDH) is assigned to the R3̅ m space group and mineral sjogrenite a polytypic modification of pyroaurite is assigned to P6 3 /mmc.
14 The latter is closely related to the P6/ mmm space group. Within these structure models, the metal hydroxide layers are defined by two close packed arrays of The pyroaurite structure has the stacking sequence AC = CB = BA = AC····· (polytype 3R 1 ), and sjogrenite has the stacking sequence AC = CA = AC····· (polytype 2H 1 ). The two structures enclose interlayer sites of trigonal prismatic symmetry shown by the symbol "=". All these structures models are pseudo single cation phases and comprise brucitelike layers with a = b ≈ 3.1 Å. When the metal hydroxide layers are stacked in the sequence AC−AC····· (polytype 1H), the resultant space group P3̅ m1 is a subgroup of P6 3 /mmc and also incidentally of P6/mmm. Single cation hydroxides such as minerals brucite, Mg(OH) 2 , and theophrastite, Ni(OH) 2 , belong to this space group. 26 To conclude, the summits of the hexagonal and cubic symmetries and their principal subgroups correspond to structures of (pseudo) single cation hydroxide phases.
In light of recent spectroscopic 27−29 and crystallographic evidence 20, 24, 30 which favors cation ordering, structure models for LDHs based on the 3R 1 and 2H 1 polytypic modifications of single cation hydroxides phases stand discredited. In particular, the observation of supercell reflections arising from a hexagonal cell a = b ≈ √3 × a 0 (a 0 ≈ 3.13 Å) 24, 30 shows that the trivalent cation is in an ordered arrangement with respect to the divalent cation. As the [M′ 
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(ii) The divalent metal coordination symmetry is reduced from D 3d to C 3 .
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(iii) A single metal hydroxide layer acquires the layer group p31m also written as p-312/m. This cation-ordered layer group has distinctly fewer symmetry elements than p-3m1, and the 3-fold symmetry is marshaled only by increasing the size of the unit mesh ( Figure  1) .
A decrease in the symmetry of the layer group is expected to bring about a concomitant reduction in crystal symmetry. The two possible subgroups of R3̅ m with a progressive decrease in symmetry are R3̅ and R3 (Scheme 1). The LDHs of Ca and Al are indeed assigned to R3̅ . 32 To the best of the authors' knowledge, no LDHs are as yet assigned to R3.
In the hexagonal lineage, an idealized cation-ordered metal hydroxide layer without any distortion would belong to the space group P-31m space group (a subset of both P6/mmm and P6 3 /mmc) with a = b = √3 × a 0 (a 0 = 3.11 Å of the brucite layer). 33 Since such an idealized layer is physically untenable, the nonuniform distention of the metal hydroxide layer on cation-ordering leads to the subgroup P3̅ (Scheme 2).
The first attempt to reconcile the decrease in the symmetry of the metal hydroxide layer with the Laue symmetry of the LDH crystals was made by Hofmeister and Von Platen, 34 who suggested a structure model of space group P3 1 (a = √3 × a 0 = 5.27 Å; c = c 0 = 22.8 Å) for the cation-ordered 2:1 LDHs. This model was predicated on the basis of separate sites for the two divalent ions and the trivalent ion. The presence of the screw axis ensured a 3-fold multiplicity for all the sites, all of which were general positions (x, y, z). The six hydroxyl oxygen atom positions were chosen so as to yield realistic values for the M 2+ −OH and M′ 3+ −OH bond distances. The choice of the P3 1 space group is somewhat unusual for two reasons: (i) P3 1 does not appear directly in the hierarchy of subgroups of either the cubic or the hexagonal lineage, and (ii) the chosen cell parameters yield a very large cell volume 548 Å 3 , much higher than that of related structures (∼370 Å 3 ). 34 A simulation of the PXRD pattern of the P3 1 structure (Figure 2) yields numerous additional reflections as expected of a large unit cell. These reflections have a low intensity (<1%) and appear at Bragg angles quite distant from the observed ones. In the absence of specific observations to support the P3 1 structure model, it could be abandoned in favor of a more logically chosen alternative. The logical choice falls to R3̅ ⊆ R3̅ m (in cubic lineage) and P3̅ ⊆ P-31m (hexagonal lineage). The sulfate-intercalated 2:1 LDHs were indexed to a hexagonal cell, thereby ruling out the rhombohedral space groups. The structures were refined within the space group P3̅ (a = b = 30 This structure is obtained by stacking the cation-ordered metal hydroxide layer (layer group p-31m) (Figure 1a ) one above another using the stacking vector (0, 0, 1) to yield a one-layer polytype of hexagonal symmetry, designated as 1H. This choice of the unit cell in the sulfateintercalated LDHs was made easy due to the observation of the supercell reflections 100 and 101 of the enlarged unit mesh of the metal hydroxide layer. The absence of these supercell reflections in the PXRD patterns of carbonate-intercalated LDHs (see Figure 2 for a representative pattern) renders the choice of the P3̅ cell counterintuitive. Additionally, the observed PXRD patterns could not be indexed to a hexagonal cell.
Nevertheless at this point in the narrative, it would be instructive to compare the unit mesh of the P3̅ structure model with that of the P3 1 structure model (Figure 3) . A comparison of the metal ion positions of the two shows that the origin in the P3 1 structure model is shifted from the origin in the P3̅ model by (2/9, 1/9). 34 This shift is better understood by taking 3 × 3 sized mesh of the cation-ordered metal hydroxide layer. Within the ambit of this enlarged fragment a (2/9, 1/9) translation is equivalent to a (2/3, 1/3) shift of the 1 × 1 sized mesh. The application of a 3 1 screw generates additional fragments of the 3 × 3 sized mesh in projection on the a−b plane. It is evident that P3 1 structure model is identical to the P3̅ structure model, with a needless expansion along the ccrystallographic axis. Despite this equivalence, the observed PXRD pattern (Figure 2) could not be indexed to a one-layer hexagonal cell. Hence the need to select an enlarged cell in the space group P3 1 .
At this juncture having rejected rhombohedral symmetry and the P3̅ space group, we decided it prudent to explore a structure model of a lower crystal symmetry. The right arm of the hierarchy of space groups of both the cubic and hexagonal lineage lead us the monoclinic space group C2/m. In this structure model of c-stacking, the unit mesh is obtained from the very same layer group as that of the P3̅ structure, with, however, differently chosen parameters a = √3 × a 0 ; b = 3 × a 0 . 35 In this structure model, the metal hydroxide layers shown in Figure 1a are stacked at an angle β ≠ 90°. This tilt destroys the coincidence of the 3-fold axes of successive layers, while retaining the in-plane 2-fold axes. Such a stacking vector, following the structural synthon approach, 36 yields a monoclinic crystal. Such a model was proposed by Thiel and Poeppelmeier 37 for the Li−Al (I−III) LDHs, wherein cation ordering is well-known. This model was adapted further for the hydrotalcite-like II−III LDHs by Krivovichev and co-workers. 24 Accordingly the PXRD patterns of a cohort of CO 3 2− -intercalated LDHs were indexed to a monoclinic cell (Table  S1) (Table 1 ). This fit is representative of similar fits carried out on the cohort of CO 3 2− -intercalated LDHs (Table  1, Figures S1−S6, Tables S2−S7 ). All the Rietveld fits were carried out using the structure model proposed by Krivovichev and co-workers. 24 The refined structure of the [Cu−Cr−CO 3 ] LDH ( Figure 5, Table 2 ) reveals that the successive metal hydroxide layers are rigidly translated relative to one another. The close relationship between the metal hydroxide layer of the previously reported [Cu−Cr−SO 4 ] LDH 20 (space group P3̅ ) and the present structure is evident from the following observations.
(1) The a and b cell parameters are related as a m ≈ a h and b m ≈ √3 × a h (m: monoclinic; h: hexagonal) showing that in 2-D the metal hydroxide later is invariant in the two structures models, and the change in crystal symmetry is brought about by an altered stacking angle (β ≠ 90°). (2) The [Cr(OH) 6 ] polyhedron retains the D 3d coordination symmetry as evaluated by code SYMGROUP (Table 3) , while the coordination symmetry of the [Cu(OH) 6 ] polyhedron is D 3 in the [Cu−Cr−CO 3 ] LDH (space group C2/m) in comparison with the C 3 symmetry in the sulfate analogue (space group P3̅ ). The difference in the coordination symmetries of the [Cu(OH) 6 ] polyhedron in the two structures is only one of degree and arises out of the different limiting scores employed to predict the existence of a symmetry element. What are the changes brought about in the interlayer due to the relative translation of the metal hydroxide layer? The value of the stacking angle β ≈ 103°corresponds to a relative translation of (1/3, 0) between the successive metal hydroxide layers. This alters the local symmetry of the interlayer sites. An interlayer site is formed by the six closest hydroxyl ions, three each drawn from the upper and the lower metal hydroxide Crystal Growth & Design Article layers. While in the P3̅ structure model, interlayer sites of only D 3d symmetry can be identified, in the C2/m structure model proposed in this work, two different cages can be identified in the interlayer region, defined by interlayer HO---OH distances of ∼5.64 Å and ∼6.40 Å respectively (Figure 6a ). The smaller cage is formed by nearly eclipsed OH groups and has a ∼D 3h symmetry (Table 4 ). In the refined structure, there are two positions for the carbonates ions identified by the two carbons C1 and C2. It is seen that both C1 and C2 occupy cages of D 3h symmetry with comparable C−OH nonbonded distances (3.34 ± 0.06 Å) (Figure 6b ). From these observations, it is evident that despite the reduction in crystal symmetry due to cation ordering, Taylor's criterion continues to operate. The operation of the Taylor's criterion is facilitated by the translation of layers relative to one another. The enthalpy gain obtained by matching the local symmetry of the interlayer site with that of the molecular symmetry of the anion appears to be the driving force for the translation of adjacent layers relative to one another. Crystal Growth & Design 
